Adenosine deaminases that act on RNA (ADARs) are a family of RNA editing enzymes that convert adenosines to inosines within doublestranded RNA (dsRNA). Although ADARs deaminate perfectly basepaired dsRNA promiscuously, deamination is limited to a few, selected adenosines within dsRNA containing mismatches, bulges and internal loops. As a ®rst step in understanding how RNA structural features promote selectivity, we investigated the role of internal loops within ADAR substrates. We observed that a dsRNA helix is deaminated at the same sites whether it exists as a free molecule or is¯anked by internal loops. Thus, internal loops delineate helix ends for ADAR1. Since ADAR1 deaminates short RNAs at fewer adenosines than long RNAs, loops decrease the number of deaminations within an RNA by dividing a long RNA into shorter substrates. For a series of symmetric internal loops related in sequence, larger loops (5six nucleotides) acted as helix ends, whereas smaller loops (4four nucleotides) did not. Our work provides the ®rst information about how secondary structure within ADAR substrates dictates selectivity, and suggests a rational approach for delineating minimal substrates for RNAs deaminated by ADARs in vivo.
Introduction
Adenosine deaminases that act on RNA (ADARs) convert adenosines to inosine residues within cellular and viral RNAs (see reviews by Bass, 1997; Maas et al., 1997; O'Connell, 1997) . The enzyme activity has been detected in many metazoa, usually in the nucleus, and cDNAs for at least two distinct ADARs (ADAR1 and ADAR2) have been cloned. Like RNA splicing, adenosine deamination is a way to diversify the information encoded by a gene. For example, ADARs can deaminate adenosines within codons so that multiple protein isoforms can be synthesized from a single encoded mRNA. ADARs are involved in producing isoforms of mammalian serotonin receptors (Burns et al., 1997) , several mammalian glutamate receptor subunits (Egebjerg & Heinemann, 1993; Higuchi et al., 1993; Lomeli et al., 1994) , and the virally encoded hepatitis delta antigen (Polson et al., 1996) . ADARs may have additional functions as well; in fact, other cellular and viral substrates have been identi®ed for which the function of deamination is unclear (Bass, 1997) .
ADAR substrates fall into two general categories based on how many of their adenosines are deaminated, i.e. how selectively they are deaminated (Bass, 1997) . (The term selectivity has a de®ned meaning in the ADAR ®eld and refers to the percentage of the total number of adenosines in a base-paired region that are deaminated at complete reaction). Selectively modi®ed substrates are deaminated at less than 10 % of their adenosines, while substrates that are promiscuously, or non-selectively, modi®ed are deaminated at 50-60 % of their adenosines. Obviously, promiscuous deamination is ill-suited for generating protein isoforms of precise function, and in mRNAs where ADARs produce a functionally important codon change, deamination occurs selectively. Although it was initially speculated that ADARs would require accessory factors for selective deamination, many studies show that ADARs alone are capable of very selective deamination (Hurst et al., 1995; Dabiri et al., 1996; Melcher et al., 1996; Polson et al., 1996) . It is now generally accepted that features of the RNA substrate dictate selectivity.
The speci®c features of ADAR substrates that determine selectivity are unclear. In vitro studies show that ADAR1 prefers to deaminate adenosines with a 5 H neighbor of A, U, or C, over those with a 5 H neighbor of G. In addition, adenosines very close to the 3 H end of a strand are deaminated infrequently. These preferences are observed in both selectively and non-selectively deaminated substrates, but are not suf®cient to promote the exquisite selectivity observed within some biological substrates (see Polson et al., 1996) . Although few studies have been performed, ADAR2 appears to have overlapping, but slightly different, speci®cities (Melcher et al., 1996) .
It has been proposed that the structure of the RNA substrate, rather than its sequence, might determine selectivity (Bass, 1997) . ADARs are categorized as double-stranded RNA-binding proteins (dsRBPs) and like other dsRBPs (e.g. RNase III and PKR) require substrates that are completely, or largely, double-stranded. A survey of characterized ADAR substrates shows that RNAs that are completely double-stranded are deaminated promiscuously (non-selectively), while RNAs whose basepaired structures are periodically interrupted by mismatches, bulges and loops are deaminated selectively. Although mutagenesis studies clearly show that base-pairs surrounding a given editing site are important for the precise and ef®cient deamination of that site (Higuchi et al., 1993; Lomeli et al., 1994; Yang et al., 1995; Polson et al., 1996) , the effect of loops, mismatches and bulges on the total number of deamination sites within a given helix, i.e. selectivity, has not been investigated.
As a ®rst step in understanding how RNA structure allows selective deamination, we have focused on the role of internal loops within ADAR substrates. Previous studies show that short duplexes are deaminated more selectively than long duplexes (Nishikura et al., 1991; Polson & Bass, 1994) . Thus, we reasoned that internal loops within an ADAR substrate could uncouple adjacent helices to convert a long, promiscuously deaminated substrate into a series of short, selectivity deaminated substrates. Our experiments support this hypothesis, thus providing the ®rst information in regard to how RNA structure determines ADAR selectivity.
Results
We examined the role of internal loops in promoting ADAR1 selectivity using six RNA molecules (Figure 1(a) ). One molecule consisted of a completely base-paired dsRNA of 36 bp (36mer),
formed between a purine (R) and a pyrimidine (Y) rich strand; previous studies show that this molecule is deaminated by ADAR1 and has six deamination sites at complete reaction (Polson & Bass, 1994) . Four of the molecules were``barbell'' molecules that contained the 36mer sequence bounded on each side by symmetric internal loops of 12 (L12), eight (L8), six (L6), or four (L4) nucleotides; loops were closed with GC-rich helices at each terminus. Barbell molecules of decreasing loop sizes (L8, L6, L4) were created by changing the sequence of the L12 Y strand so as to extend the length of the GC-rich helix and decrease the loop size; thus, the R and Y strands had identical lengths from one barbell to the next. Importantly, the external GC-rich helices of all molecules were Figure 1 . Nucleotide sequence and RNase T 2 structure mapping of RNAs. (a) The same numbering scheme is used for the 36mer sequence of each RNA (blue), and purine (R) and pyrimidine (Y) rich strands are indicated. Internal loops, GC-rich helices, and the central helix of barbell molecules are labeled. (b) L0, L4, L6 and L12 molecules containing an R strand labeled at its 5 H end with 32 P were incubated in the presence or absence of RNase T 2 , under the same native conditions used in reactions with ADAR1 (see Materials and Methods). In separate reactions, RNA was digested with RNase T 1 under denaturing conditions for sequence orientation purposes (data not shown). In contrast to a single R strand (ss), the barbells were protected from RNase T 2 cleavage in regions predicted to be basepaired. Consistent with the predicted structures, the left loop, right loop and 3 H overhang were digested with RNase T 2 . The L12, L6 and L4 loops show the expected number of RNase T 2 -accessible nucleotides, and one or two accessible nucleotides 3 H of the predicted loop closure; moderate increases in solvent accessibility of nucleotides 3 H of internal loops has been observed previously (Weeks & Crothers, 1993) . The L6 and L4 loops show a degree of T 2 accessibility intermediate to that of the L12 loops and the corresponding region of L0. All four RNAs show similar RNase T 2 cleavages in the 3 H overhang. The secondary structure of L8 was not determined, but subsequent studies showed that L8 was deaminated by ADAR1 with the same selectivity as barbell RNAs with larger (L12) and smaller (L6) loops (see Figure 3 (a) and (b)) whose structures were con®rmed. OH-indicates alkaline hydrolysis lanes. Numbering is shown to the right of the gel, along with parentheses indicating the central helix, left loop, right loop, and 3 H overhang.
Internal Loops Promote Selective ADAR Deamination predicted to be too short to serve as ADAR substrates if separated from the rest of the molecule. In the sixth molecule, L0, the GC-rich helices were extended completely to form a continuous helix with the 36mer sequence; this molecule was called L0 to convey the fact that it contained loops of zero nucleotides. All molecules except the 36mer contained a 12 nt 3 H overhang on each strand to facilitate primer binding during primer extension analyses.
The loops of the barbells consisted of adenosines and cytidines and were designed to minimize pairing and stacking interactions. We con®rmed that these sequences were unpaired internal loops by treating the molecules with ribonuclease T 2 (RNase T 2 ; Figure 1 (b)), which cleaves 3 H of unpaired nucleotides. Consistent with the predicted structures, pronounced T 2 cleavage occurred in all loops, as well as the 3 H overhangs, but not within base-paired regions. As expected, only the 3 H overhang was cleaved in the L0 molecule.
As mentioned, our starting hypothesis was that internal loops, by uncoupling adjacent helices, could convert one long ADAR substrate into a series of shorter substrates. If this hypothesis was correct, and each RNA helix was indeed uncoupled from adjacent helices by the loops, ADAR1 should treat internal loops as helix termini. That is, the deamination pattern within a particular sequence should be identical whether the sequence existed as a free dsRNA or was bounded by internal loops.
To test this idea we reacted 36mer and L12 with ADAR1 and compared the reaction products. RNAs were internally labeled with [ (Figure 2(a) ). Previous studies show that dsRNAs greater than $50 bp are deaminated promiscuously by ADAR1, showing 50-60 % deamination at reaction completion (Polson & Bass, 1994) . Since the L12 molecule contained a total of 54 canonical base-pairs, we expected at least 50 % of the adenosines would be deaminated at complete reaction if the internal loops were not acting as helix termini. However, we found that 36mer and L12 were deaminated to the same extent throughout the course of the experiment (zero to four hours, see the legend to Figure 2) . A 5 fmol sample of each substrate was reacted, and both molecules showed between 21-23 fmol of inosine at complete reaction. These data showed that ADAR1 deaminated the 36mer and L12 with the same selectivity, which supported our idea that the L12 loops were acting to uncouple the 36 bp helix from its adjacent external helices.
We next determined which adenosines were deaminated in each molecule using a primer extension assay (Figure 2(b) ). Since inosine prefers to pair with cytidine, in this assay, inosines are evident by the loss of a ddTTP stop and the corresponding appearance of a ddCTP stop. Again, the results supported the idea that ADAR1 recognizes internal loops as helix termini. At complete reaction with ADAR1, 36mer and L12 were deaminated at the same six primary deamination sites (A5, A6, A9, A10, A14, A15; Figure 2 (c)). The only difference between the two molecules occurred at A2, which was deaminated to a very minor extent in the L12 molecule (see Discussion). Thus, for the most part, ADAR1 appeared to recognize the L12 loops as helix ends, and the selectivity observed in the free 36mer molecule was maintained. The fact that the deamination sites were almost identical in the two molecules further emphasized that the loops were functioning as effective helix ends, since ADAR1 disfavors adenosines close to 3 H termini. If the loops were not acting as effective helix ends, we would expect deamination of additional adenosines closer to the loop, such as those between A16 and A34.
We next wanted to determine how short an internal loop could be and still function as a helix terminus. We extended our analysis to include barbells L8, L6, and L4, which have loops of eight, six and four nucleotides, respectively (Figure 1(a) ). We also analyzed L0 (Figure 1(a) ), the molecule in which the barbell loops had been closed to form a completely base-paired molecule of 66 bp. We reasoned that barbells with loops that could uncouple helices would be deaminated similarly to 36mer, while those with loops that could not uncouple adjacent helices would be deaminated promiscuously, and show a deamination pattern similar to that of L0. We performed a time-course experiment like that described in the legend to Figure 2 (a), and analyzed the accumulation of inosine within all six RNAs over time (Figure 3(a) ). At each time point, the amount of inosine observed for L12, L8, and L6 was almost identical with that of the 36mer, suggesting the loops in these molecules could uncouple adjacent helices. However, throughout the time-course the L4 barbell contained much more inosine, approaching that observed in L0; this suggested that, at least for the sequences we tested, loops 5six nucleotides, but Figure 2 . Comparison of the reaction of 36mer and L12 RNAs. (a) RNAs were incubated with ADAR1, and at various times, aliquots were removed, digested to 5 H nucleotide monophosphates (5 H NMPs), and analyzed by TLC. The graph shows the amount of IMP (fmol) produced during the incubation of 36mer (squares) and L12 (circles) with ADAR1. Each point is the average of two to four experiments, with standard deviation bars shown. The amount of IMP observed at four hours (data not shown) veri®ed that the reaction was complete at two hours, and control experiments con®rmed that the enzyme was active throughout the incubation. (b) The sites of deamination within 36mer and L12 were mapped by primer extension sequencing using reverse transcriptase (RT). RNAs were incubated for two hours with () or without (À) ADAR1 and subsequently reverse-transcribed in the absence of dideoxynucleotides (lanes 2-3), or in the presence of ddGTP (lane 4), ddATP (lane 5), ddTTP (lanes 6-7) or ddCTP (lanes 8-9). Lane 1 was loaded with the primer only. Numbers to the right of each gel show adenosine number, and parentheses indicate the left and right loops of L12. (c) The diagram shows the location of inosines as determined in (b), and was con®rmed by mapping with a mutant (E46Q) RNase T 1 (data not shown; see Materials and Methods). Based on comparisons with the RNase T 1 mapping data, deaminations evident by the loss of a ddTTP stop, as well as the corresponding gain of a ddCTP stop, were considered to occur in the majority of the population of molecules (I), whereas deaminations evident only by the gain of a ddCTP stop were considered to be minor deaminations that existed in a minor fraction of the population (i). Italicized adenosines within L12 mark a region of possible local conformational heterogeneity. Deamination sites were not observed within the L12 loops.
Internal Loops Promote Selective ADAR Deamination not those 4four nucleotides, were equivalent to helix termini.
Figure 3(b) shows the primary data for the two hour time point (when the reaction is complete), as well as the amount of inosine observed. Reactions containing 5 fmol of 36mer, L12, L8 or L6 contained 21-23.5 fmol of inosine at reaction completion. In contrast, much more inosine was observed after the complete reaction of 5 fmol of L4 ($47 fmol) or L0 ($58 fmol). Although the range of values observed for the L4 and L0 samples were slightly overlapping at the two hour time point (see error bars, Figure 3(a) ), within a given experiment the amount of inosine observed in L0 was consistently 20 % higher than that observed in L4. The overall time-course also emphasizes that L4 and L0 react with ADAR1 slightly differently. While the loops of four nucleotides are not acting as internal loops to uncouple adjacent helices, they are probably affecting the substrate in other important ways (see Discussion).
We next mapped the inosines within L6 and L4 by primer extension (Figure 4(a) ). L4 contained many more deamination sites than L6, and the location of each deamination site is shown in Figure 4 (b). L6 showed exactly the same deamination pattern as 36mer, indicating that its loops were acting as helix termini. In contrast, L4 contained more than twice the number of deamination sites as L6, and had a pattern of deamination very similar to that seen in L0. Consistent with the idea that the external GC-rich helices are too short to act as ADAR substrates by themselves, none of the adenosines in the external helices of L6 were deaminated. In contrast, in L4 two adenosines in one of the external helices were deaminated (see small i's in Figure 4 (b)); these two adenosines were also deaminated in L0, emphasizing that ADAR1 is recognizing L4 and L0 as similar molecules.
Each time we decreased the length of a loop to make a different barbell RNA, we concurrently increased the length of the adjacent GC-rich helix. Thus, it was possible that the lower selectivity observed in L4 compared to L6 was due to the increase in the length of the external helices (and thus an increase in the overall stability of the duplex) rather than its smaller loops. To test this possibility, we created a chimeric barbell RNA that contained the L6 loops adjacent to L4 external helices (L6/L4 chimera). The L6/L4 chimera showed the same selectivity as L6 (25.9 (AE2.9) fmol inosine, n 5; data not shown) but half the total inosines as L4. Thus, the ability of the L6 barbell to be deaminated with the same selectivity and preferences as 36mer is dependent on its internal loops and not its external helices.
Discussion
Here we show that internal loops play an important role in determining the number of deamination events that occur within an ADAR substrate. In particular, we show that internal loops are equivalent to helix termini for ADAR1. Thus, a single, long dsRNA substrate can be converted into a series of short, independent substrates by the insertion of internal loops. Since ADARs deaminate short dsRNAs more selectively than long dsRNAs, internal loops can dramatically decrease the num- ber of deamination events that occur within an RNA. The restriction of adenosine deamination to a select number of sites is essential when ADARs act on mRNAs to alter speci®c codons. Our work provides the ®rst information on how secondary structure within ADAR substrates contributes to selective deamination and also adds to the general understanding of how internal loops function within RNAs.
A selectivity model
In our favorite model, all aspects of ADAR selectivity can be understood with respect to its nucleic acid binding properties. Simply put, ADARs bind to double-stranded RNA but not single-stranded RNA (Bass & Weintraub, 1987; Wagner & Nishikura, 1988) . Since ADARs are not sequence speci®c (Polson & Bass, 1994) , an increase in the length of a dsRNA, or the number of base-pairs it contains, should increase the number of ADAR binding sites; similar arguments have been made with regard to sequence-independent DNA-binding proteins (McGhee & von Hippel, 1974) . According to our model, a long dsRNA would be deaminated at more adenosines because it has more binding sites. For example, if we assume that a single molecule of ADAR1 interacts with 20 bp, we would predict the 36mer has 17 different ADAR binding sites (36 À 20 1), while the L0 molecule, with 66 bp, would have 47 different binding sites.
For the barbell molecules analyzed, we observed that loops 5six nucleotides uncoupled adjacent helices and increased selectivity, while loops 4four nucleotides did not (Figures 3(b) and 4(b) ). According to our model, and as shown in Figure 5 , this difference exists because the internal loops of L6 decrease the number of binding sites compared to L4. To understand why loops must be a certain length to uncouple adjacent helices, it is important to remember that a particular sequence of RNA is never completely paired or unpaired, but at equilibrium favors one state over the other. Since the unfavorable entropy associated with incorporating loop nucleotides into a helix increases with loop length, the population of L6 molecules will have fewer paired loops at equilibrium than the population of L4 molecules. Further, the addition of a dsRBP such as ADAR1 would shift the equilibrium toward the paired state. Although the binding energy incurred when an ADAR interacts with a substrate might be able to compensate for disruption of a helix by a single mismatch, successive unpairing of adjacent base-pairs will eventually create an internal loop whose free energy favors the unpaired state. From these considerations we expect that the minimal length necessary for a loop to function as a helix end will vary with the sequence of the loop and adjacent helices, and further, that certain asymmetric internal loops will also act as helix termini. Our future studies will be aimed at exploring these issues.
Our experiments with the L12 barbell suggest that some loops will be too large to maintain the ®delity of deamination within an adjacent helix. In contrast to the other barbell molecules studied, the deamination sites within L12 were not identical with those within the 36mer. In particular, one additional, very minor, deamination site occurred at A2 of L12 (Figure 2(c) ). We suspect that the large loops of L12 are more destabilizing than the loops of other barbells, and may be exploring alternative conformers that involve nearby sequences. Possibly, an alternate pairing between the loops and bases within the helix promotes deamination at A2. Based on our observations with L12 and the other barbell molecules, we predict that loops that can both de®ne helix termini for ADARs and maintain the ®delity of deamination, will have an optimal size range, being neither too small to uncouple helices (like L4), nor too large to sample competing conformations with nearby sequences.
Given that ADAR1 prefers to bind dsRNA over ssRNA, anything that shifts the equilibrium between the paired and unpaired state should effect ADAR binding. Thus, in addition to helical length, alterations of the thermodynamic stability of a duplex, such as the insertion of mismatches, should alter its selectivity. We propose that L4 is deaminated a bit more selectively than L0, because its internal loops, although too short to act as helix termini, increase the single-stranded character of the RNA. These ideas are related to those raised during early studies of ADAR to explain why deamination of completely base-paired RNAs stopped when 50-60 % of the adenosines were deaminated. Since modi®cation of AU base-pairs in dsRNA creates the considerably less stable IU mismatch (Bass & Weintraub, 1988; Stroebel et al., 1994) , it was proposed that the reaction stopped when the molecule no longer had enough double-stranded character to be bound and deaminated by an ADAR (Bass & Weintraub, 1987; Polson & Bass, 1994) .
What structural features allow internal loops to function as helix ends?
The RNase T 2 experiments were performed under the same conditions used for ADAR1 reactions, and indicate that under these conditions, the structures of the barbells are largely as we designed them. That is, sequences designed to exist as unpaired loops were digested with the singlestrand-speci®c ribonuclease, while regions designed to exist as double-stranded helices were resistant. However, the RNase T 2 data do not give speci®c details about possible non-canonical features of the loops. Further, since RNase T 2 is a single-stranded RNA binding protein, the addition of RNase T 2 to the RNA solution could shift the equilibrium between the paired and unpaired states from that normally encountered by ADAR1. Previous studies show that internal loops within an RNA molecule can increase or decrease thermodynamic stability (Peritz et al., 1991; SantaLucia et al., 1991; Xia et al., 1997) , promote conformational¯exibility such as bending (Zacharias & Hagerman, 1996) , and widen the major groove of helical regions (Weeks & Crothers, 1993) . Structural analyses show that the nucleotides of some loops Figure 5 . A model to explain why internal loops promote selectivity. According to our model, internal loops promote selective deamination by decreasing the number of ADAR1 binding sites within a substrate. ADAR1 molecules (green) are shown interacting with a completely base-paired dsRNA (c), or the same molecule with internal loops large enough to uncouple helices (a) or too short to uncouple helices (b). Since ADARs are not sequence speci®c, binding sites occur along the entire length of a completely base-paired dsRNA, and these molecules are deaminated promiscuously (c). Internal loops like those in (a) decrease the number of binding sites and allow more selective deamination; these loops may create a physical end to the helix by thermodynamically uncoupling adjacent helices. As depicted for the external helices of the molecule in (a), internal loops may sometimes increase selectivity by creating helices that are too short to support ADAR binding. The internal loops in the molecule shown in (b), while too short to uncouple helices, decrease the overall stability of the molecule. As previously proposed (Polson & Bass, 1994; Bass, 1997) , mismatches and small internal loops may decrease the number of deamination events by shifting the conformational equilibrium towards the single-stranded state, thus decreasing the number of ADAR binding sites in the population. As shown for each example, the IU mismatches (red) that accumulate during the reaction ultimately lead to a molecule that is too unstable to be further modi®ed, and at this point the reaction terminates. See the text for further discussion. ADAR1 molecules are depicted according to previous observations regarding deamination preferences (Polson & Bass, 1994) . 4) and L6 (lanes 5-8) were mapped by primer extension sequencing as described in the legend to Figure 2(b) . Numbering of adenosines within the central helix is shown to the left of the gel. The particular dideoxynucleotide included in each reaction, as well as whether the RNA was incubated in the presence () or absence (À) of ADAR1 is indicated at the top of the autoradiogram. RT sequencing products (cDNAs) produced from deaminated RNAs ( ADAR1; lanes 2, 4, 6, 8-10) have a faster gel mobility due to their altered nucleotide composition (cytidines instead of thymidines) relative to unmodi®ed samples (ÀADAR1; lanes 1, 3, 5, 7) . Further, since cDNAs derived from deaminated RNAs are complex populations of molecules, bands in these lanes are less sharp in appearance. Inosines within L0 were mapped using the same method (data not shown). In some instances, sequence information near the primer annealing site was unclear, possibly due to abortive RT elongation of the primer. (b) The diagram compares the location of inosines within 36mer, L6, L4 and L0 RNAs. The continuous black line indicates the boundary between molecules whose loops are long enough to uncouple helices (5six nucleotides) and those whose loops are too short to uncouple helices (4four nucleotides). Inosines were not observed within the L6 and L4 loops. Barbell Y strands were not mapped for inosines, since previous studies (Polson & Bass, 1994) show that the three adenosines within the 36mer Y strand are not deaminated. While L0 may contain deaminated adenosines on its Y strand due to the increased stability of this duplex, the possible presence of such deaminations does not affect the conclusions drawn in this study.
Internal Loops Promote Selective ADAR Deamination incorporate into adjacent helices (Holbrook et al., 1991; Jang et al., 1998) , while those of others disrupt the structure of an otherwise continuous A-form helix (Wimberly et al., 1993; Cai & Tinoco, 1996; Correll et al., 1997) . At present we do not know which of these structural features, if any, are important for interactions of loops with ADARs. However, as suggested by the selectivity model proposed above, we prefer the idea that internal loops act as helix ends not because ADARs recognize and interact with their particular structural features, but because their particular structural features cannot be recognized as an RNA helix. This idea is consistent with the fact that editing sites in RNAs whose structures are proven occur in canonical base-pairs or single base mismatches. However, it is important to note that there is one report of deamination sites occurring within internal loops . At present it is not clear if this is a true anomaly or that the predicted structure is incorrect.
Our work ®ts nicely in the context of previous studies that demonstrate the ability of internal loops to thermodynamically uncouple RNA helices (Weeks & Crothers, 1993) . These previous studies indicate that internal loops are able to uncouple helices by decreasing enthalpically favorable stacking interactions so as to create an effective helical end similar to a blunt end. Although future studies will be required to understand the physical basis of our observations, recognition of RNAs by ADARs may provide an example of a protein:RNA interaction that makes use of the ability of internal loops to thermodynamically uncouple adjacent helices.
Relationship of ADAR1 to other dsRBPs
Interestingly, like ADAR1, other dsRNA-binding proteins have been observed to distinguish between perfect and irregular RNA duplexes, suggesting that internal loops may serve a similar function in these proteins. RNase III acts promiscuously on long, perfectly base-paired dsRNA, cleaving the RNA at numerous sites to yield 12-15 bp fragments (Robertson, 1982; Nicholson, 1996) . In contrast, imperfect duplexes are cleaved at only one to two sites, and internal loops can further restrict cleavage to a single site in some substrates (Chelladurai et al., 1993 , and see reviews by Robertson, 1982; Court, 1993; Nicholson, 1996) . Likewise, the kinase activity of PKR is activated by 33-80 bp perfect dsRNAs, but not by irregular or shorter dsRNAs (see reviews by Mathews & Shenk, 1991; Clemens & Elia, 1997) .
All of these proteins (ADAR1, RNase III and PKR) bind dsRNA using an amino acid sequence known as the dsRNA binding motif (dsRBM), suggesting it is this shared sequence that mediates the discrimination between a perfectly base-paired duplex and one containing mismatches, bulges and loops. Consistent with our selectivity model, which proposes differences in secondary structures alter selectivity by affecting protein binding, both RNase III and PKR bind perfect dsRNAs with higher af®nity than irregular dsRNAs (Chelladurai et al., 1993; Bevilacqua & Cech, 1996) . Studies of the effects of internal loops within substrates of other ADARs, such as ADAR2, have not yet been performed. However, the fact that all ADARs have dsRBMs, show promiscuous deamination on completely base-paired dsRNA and selective deamination on dsRNA containing periodic structural disruptions, suggests internal loops function to uncouple helices in substrates of all ADARs. Of course, future studies will need to be performed to con®rm this.
Implications for biological substrates
Our results help to explain the exquisite selectivity observed in some natural ADAR substrates. For instance, the production of the two isoforms of hepatitis delta antigen relies on highly selective deamination of the HDV antigenomic RNA (Polson et al., 1996) . In this case, less than 1 % of the $340 adenosines of the antigenomic RNA are deaminated in vivo, or in vitro with puri®ed ADAR1. The HDV antigenome, while largely basepaired, is predicted to contain numerous internal loops. Based on our studies, we propose that these internal loops allow ADAR1 to recognize the long, $1700 nt HDV antigenome as a series of short segments. Due to the frequency of loops within the HDV antigenome, we predict that most of the helical segments are too short to act as ADAR substrates, thus limiting deamination to a select number of sites.
Since ADAR1 deaminates helices¯anked by appropriate internal loops with the same selectivity and preferences as those with blunt termini, it follows that a helical segment between adjacent loops could be removed from a biological substrate without loss of deamination speci®city. Thus, our studies suggest the ®rst rational approach for delineating minimal substrates for the RNAs that are deaminated by ADARs in vivo.
Materials and Methods

Construction of transcription vectors
Plasmids pKL36A and pKL36S were used as templates for transcription of the Y and R strands of L12, respectively, and were constructed from plasmid pGEM-9zf (Promega) after excision of the multiple-cloning region and phage T7 and SP6 promoter sequences (NotI to S®I). Excised sequences were replaced by an insert that included an optimal T7 promoter sequence (Milligan et al., 1987) and the template to transcribe one RNA strand of L12. Inserts were created by annealing complementary DNA oligos to create dsDNA inserts with NotI and S®I compatible ends, and are shown 5 H to 3 H below (36Acpy and 36Atpl anneal to create the pKL36A insert; 36Scpy and 36Stpl anneal to make the pKL36S insert): 36Acpy, CGGCCGTCGACTAGTAATACGACT CACTATAGGGCCCGGGAACACACCTGGTCCCTGTC CTTGTTATTTTCCTTGGTTAATTACACAAGGCGCGC CCACACCACGGATCCATGGGCATGC; 36Atpl , GGC  CGCATGCCCATGGATCCGTGGTGTGGGCGCGCCTT  GTGTAATTAACCAAGGAAAATAACAAGGACAGGG  ACCAGGTGTGTTCCCGGGCCCTATAGTGAGTCGTA  TTACTAGTCGACGGCCGACT;  36Scpy,  CGGCC  GTCGACTAGTAATACGACTCACTATAGGGCGCGCC  AACACAAATTAACCAAGGAAAATAACAAGGACAG  GGACCAGGACACAACCCGGGCCCACGCACCAGAT  CTAGAGCATGC; and 36Stpl, GGCCGCATGCTCTA  GATCTGGTGCGTGGGCCCGGGTTGTGTCCTGGTCCC  TGTCCTTGTTATTTTCCTTGGTTAATTTGTGTTGGCG  CGCCCTATAGTGAGTCGTATTACTAGTCGACGGCC  GACT. Gel-puri®ed oligo nucleotides were phosphorylated with phage T4 polynucleotide kinase (T4 PNK) and ATP prior to annealing in 10 mM Tris (pH 8.0), 1 mM EDTA (1 Â TE), and ligating with the 2818 bp fragment of the pGEM-9zf vector.
Nucleic acid preparation
Transcription vectors pKL36A and pKL36S were linearized at the BamH1 and BglII (NEB) sites, respectively, within the inserted sequence for use in run-off transcription. Transcription reactions (100 ml) contained 1 unit/ml phage T7 RNA polymerase (Life Technologies) and the manufacturer's buffer, and included 500 mM NTPs, 1.8 units/ml rRNasin (Promega), 100 mM DTT, 5 mg linearized plasmid. Other ssRNAs (Y and R strands of 36mer, Y and R strands of the L6/L4 chimera, and Y strands of L8, L6, L4 and L0) were synthesized from partially ssDNA templates that included an optimal T7 promoter sequence (Milligan et al., 1987) using the T7 MegaShortScript in vitro transcription kit (Ambion).
RNAs were transcribed in the presence of either 0.2 mCi 3000 Ci/mmol [a-32 P]ATP for TLC applications (in which case the non-radioactive ATP concentration was lowered to 250mM), or 0.1 mCi [5, H]UTP to enable quanti®cation of the transcript. For RNase T 2 and RNase T 1 mapping applications, the RNA strand to be analyzed was gel puri®ed, then labeled at its 5 H end using 6000 Ci/mmol [g-32 P]ATP as described (Polson & Bass, 1994) .
The L12 R strand was annealed with other Y strands to create all the barbell RNAs shown in Figure 1(a) . Gelpuri®ed Y and R strand RNAs were combined in equal molar amounts in a 15 ml volume in 10 mM Tris (pH 8.0) and annealed by heating to 95 C for three minutes, followed by slow cooling to room temperature for $45 minutes. Annealed RNAs were incubated brie¯y at À20
C before the addition of 15 ml native gel buffer (2 Â 20 % (w/v) sucrose, 1 Â TBE, 0.5 % (w/v) SDS, 0.01 % (w/v) xylene cyanol and 0.01 % (w/v) bromophenol blue), and electrophoresis at 100 V for 12 hours on a 10 % (w/v) polyacrylamide native gel. dsRNAs were processed as described (Polson & Bass, 1994) prior to quanti®cation in triplicate by diethylaminoethyl cellulose (DEAE, Whatman) ®lter paper binding.
Deamination reactions
Adenosine deamination reactions (50 ml) contained 5 ml Xenopus laevis xADAR1 AF-Blue-650 M pool (Hough & Bass, 1994) and 5 fmol dsRNA in the standard assay buffer (1 Â AB) described by Hough & Bass (1994) , except additional glycerol was excluded and EDTA was 5.1 mM. Both ADAR1 and dsRNA were pre-incubated separately in 1 Â AB for ten minutes on ice or at 25 C, respectively, prior to mixing of these components. RNAs were reacted to completion with ADAR1 (120 minutes, 25 C) unless otherwise noted. Reactions were stopped, and RNAs puri®ed as described (Polson & Bass, 1994) .
T 2 (Life Technologies). RNase T 2 activity was inef®cient under our reaction conditions at 25 C, and so was used without dilution (23 units). Prior to addition of RNase T 2 , RNAs were incubated in 1 Â AB (ten minutes, 25 C). RNase T 2 reactions were incubated for 20 minutes, then stopped by adding 10 ml of 2 Â formamide loading buffer and placing tubes on dry ice. Alkaline hydrolysis of 45,000 cpm RNA and 10 mg Torula yeast RNA was performed as described (Polson & Bass, 1994) . Samples were heated (90 C, three minutes), then loaded onto a 12 % (w/v) polyacrylamide, 8 M urea, 1 Â TBE gel (43 cm long) prior to electrophoresis (50 W, one hour 45 minutes). Gels were dried and subjected to autoradiography and Phosphorimager analysis.
